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REMARKS 

Applicants acknowledge receipt of the Office Action, mailed December 24, 2003. 
Applicants also acknowledge the withdrawal of the prior Office Action, mailed August 13, 2003. 
Applicants respectfully request reconsideration of the present application in view of the 
foregoing amendments and in view of the reasons that follow. This amendment changes and/or 
deletes claims in this application. A detailed listing is presented, with an appropriate defined 
status identifier, in relation to all claims that are or were in the application, regardless of whether 
the claim(s) remain under examination. 

Claim 9 is requested to be cancelled. Applicants do not intend to surrender the subject 
matter contained in the cancelled claim. They retain the right to submit claims directed to this 
subject matter in the future. 

Claims 1-8, 10, and 12-18 are amended. No claims are being added. After the claims are 
revised as indicated above, therefore, claims 1-8 and 10-25 will be pending. Claims 19-24 are 
withdrawn. Accordingly, claims 1-8, 10-18, and 25 are presented for consideration. 

Claim Objections 

The Examiner raises an objection that pending claim 12 is a substantial duplicate of claim 
10 and that pending claim 4 is a substantial duplicate of claim 6. Applicants have amended 
claims 6 and 12 to return them to their original scope. Applicants respectfully submit that the 
claims are no longer substantial duplicates. 

The Examiner further objected to claim 18 for the misspelling of "least." By amendment. 
Applicants have corrected the misspelling. Applicants have also corrected the spelling of the 
term "characterized." 

35 U.S.C. § IQl 

On page 3 of the Office Action, the Examiner raises an objection under 35 U.S.C. § 101, 
contending that claim 1 relates to non-statutory subject matter. Applicants have added the term 
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"isolated" to claim 1, which now recites "[a]n isolated cell The Examiner has indicated that 
this addition will obviate the objection. 

35 U.S.C. S 112: Enablement 

With respect to the enablement objection under 35 U.S.C. § 112, first paragraph, the 
Examiner asserts that Applicants have not shown that the claimed methods produce cells which 
are pluripotent. Further, the Examiner asserts that "it is known in the art that the expression of 
Oct4 is not necessarily an indicator of pluripotency." 

In response. Applicants submit that it is well-known that Oct4 expression is indicative of 
pluripotency. See, e.g., Brehm et al, APMIS. 106(1):1 14-24 (1998), discussed in the 
specification at page 28, lines 9-24. In the same vein, Applicants provide a recent article by 
Flasza et al. Cloning & Stem Cells 5: 339-54 (2003), which supports their statement that the 
disclosed method of reprogramming forms a cell possessing at least one pluripotential 
characteristic, as evidenced by the expression of Oct4. Flasza et al. have shown that PEG- 
mediated fusion of murine embryonal carcinoma ("EC") cell line P19 with a human T-lymphoma 
cell line (CEM-GFP) resulted in reprogramming of the human somatic cell to exhibit 
pluripotential characteristics, such as Oct-4 and Sox-2 expression. 

The field's acceptance of Oct4 expression as evidence of pluripotency is sufficient to 
vindicate Applicants' own invocation of Oct4 expression in the present context. Applicants 
further submit that, although Monk & Holding (2001) found that Oct4 is expressed in human 
tumors, that finding does not detract Oct4 as a pluripotency marker, contrary to the Examiner's 
speculation on this subject. 

It is widely considered that, during the development of certain malignancies, the malign 
cells re-establish their pluripotency. Certainly it has long been observed that malignant cells 
express embryonic markers. Indeed, Monk and Holding themselves state that "cancer cells are 
also immortal, undifferentiated and invasive. Therefore, it might be expected that cancer cells 
will express genes in common with these very early embryonic cells, especially genes specifically 
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associated with deprogramming and return to the undifferentiated and proliferative stem cell 
state" (page 8085, second column, first full paragraph). 

Embryonic stem ("ES"), embryonic germ ("EG")? and EC cells are authentic pluripotent 
cells and are capable of tumor formation (see present application, page 10, lines 11 to 13). 
Therefore, the Examiner is not at liberty to dismiss the significance of genes, such as Oct4, that 
are expressed in a pluripotent cell, merely because those genes also are expressed in a timior cell. 
The hallmarks of pluripotency are established anew in a subset of tumor cells. Therefore, the 
pluripotency of the cells in the specific examples of the present application cannot justifiably be 
denied by saying that the Oct4 marker is present in certain tumor cells. Applicants submit that 
pluripotency has been established in the cells made by the claimed methods using the Oct4 
marker. 

The Examiner has noted in the paragraph flanking pages 6 to 7 of the Office Action that 
the human EC cell line, TERAl, appeared to be unable to reprogram mouse thymocytes, as 
shown by the lack of expression of mouse Oct4, Applicants submit that, as one of ordinary skill 
in the art would appreciate, the formation of hybrids between two cells of the same species 
occurs at a frequency as low as 10"^ to 10"^, and that formation of hybrids between two cells of 
different species may occur at an even lower frequency. It is not unexpected that formation of 
hybrids between a particular pair of cell types may occur at a higher or lower frequency than 
another pair of cell types. Indeed, cell-cell fusion is a genetically controlled event and may be 
subject to the same variations as any other Mendelian trait in the genome. Thus, 2102Ep cells 
may appear to reprogram partner thymocytes more readily than TERAl cells due to a relative 
inefficiency of TERAl cells in forming fusions. 

Furthermore, as the majority of cells in fusion experiments remain unfused, one of 
ordinary skill in the art would appreciate that the assay used to detect reprogramming should be 
robust in order to compensate for the paucity of fused, and potentially reprogrammed and 
pluripotent, cells. The amplification of expressed sequences using polymerase chain reaction 
("PCR") has a finite capacity to detect rare events in gene expression. Thus, the detection of Oct4 
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expression in fusions between 2102Ep cells and murine thymocytes may have been just above a 
detectable limit (/.e., extrapolating from a theoretical frequency of fiision, a limit of detecting 1 
fused and reprogrammed cell per 10,000 unfiised cells). If TERAl cells yielded fewer fusion 
events, then the skilled person would appreciate that it is possible that potential reprogramming 
events might not have been detectable using PGR technology. Other means of measuring 
reprogramming and pluripotency might show that TERAl was equally capable of reprogramming 
thymocytes in fusions. 

In the teachings of Flasza et al, supra, Applicants also have more recent evidence that 
the disclosed method of reprogramming to form a cell possessing at least one pluripotential 
characteristic is not specific for 2102Ep cells. As noted, Flasza and co-workers demonstrated 
that PEG-mediated fiasion of murine EG line PI 9 to human T-lymphoma line GEM-GFP resulted 
in reprogramming of the human somatic cell to exhibit pluripotential characteristics. Thus, PI 9 
is a fiirther example of an EG cell, and by extrapolation of ES and EG cells, competent to cause 
reprogramming of a mammalian somatic cell to exhibit an art-recognized pluripotential 
characteristic. 

For the skilled person, this generalization from EG cells to ES and/or EG cells would 
seem justified scientifically and, hence, imminently reasonable. Indeed, EG cells are widely 
thought to represent "caricatures" of ES (and EG) cells. This is evidenced in the mouse and, 
more recently, with human ES cells, which points to the same conclusion. For example, human 
EG and ES cells share expression of markers such as SSEA3, SSEA4, TRA-1-60, TRA-1-81, 
Oct4 and others. EG cells often appear to lose some of the pluripotential features of ES cells as 
they adapt to tumour growth. From this point of view, if Applicants had shown directly that ES 
cells could effect reprogramming, then it might have been reasonable to argue in reverse that EG 
cells might have lost that capacity. However, given that experiments with oocytes and other cells 
have indicated that reprogramming capacity is present very early in development, and that we 
have shown that human EG cells also possess that capacity, it is unwarranted scientifically to 
argue that ES and EG cells are unlikely to possess such a capacity. 
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In the paragraph flanking pages 8 and 9 of the action, the Examiner asserts that some of 
the claims are directed to methods of generating a nuclear transfer (NT) unit, where the nuclear 
transfer unit is further cultured under conditions to proliferate the NT unit, and that these claims 
are not enabled as they do not provide steps showing activation of the NT unit which, according 
to Binnyes et al (2002), must take place. Applicants submit, however, that the present 
application does not concern an NT unit as referred to by Binnyes et al (2002). Activation is 
only required where, and inasmuch as, it mimics the act of fertilization brought about by the 
sperm contacting the egg. In the case of NT, no such sperm exists and thus the activation must be 
brought about as mentioned by Binnyes et al (2002). Activation to achieve pluripotency in EC, 
ES, or EG cells has already occurred. For somatic cell reprogramming by an EC, ES, or EG cell, 
i.e., via the means demonstrated or described in the present application, no activation is required 
because the new pluripotent cells are not being established through an oocyte. Therefore, the 
claims of the present application do not need to recite steps of activation as suggested by the 
Examiner. 

In the paragraph bridging pages 9 and 10, the Examiner refers specifically to claim 5 
which is directed to a pluripotential cell expressing Oct4. The Examiner states that the 
"specification fails to provide sufficient teachings or guidance to show that the NT [nuclear 
transfer] unit itself would express Oct-4 as the specification clearly shows that the growth and 
proliferation of the original unit for 2 days prior to analysis for Oct-4 expression." Applicants 
submit, first, that the concept of "NT unit" is not directly applicable to the present invention for 
reasons stated above and, s econd, that the cell claimed in claim 5 must have at least one 
pluripotential characteristic by dependency on claim 1 . Therefore, a cell that possesses an "NT 
unif (in the Examiner's phrase) but that does not have a pluripotential characteristic is not 
within the scope of the claims, and Applicants should not be required to show support, as 
suggested by the Examiner, for a cell that is not claimed. 
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35 U.S.C. S 112: Indefiniteness 

Claim 1 and its dependents stand rejected in this regard because the Examiner asserts that 
it is unclear whether claim 1 reads on a cell in vitro or in vivo. As discussed above, claim 1 is 
presently amended to recite an isolated cell, so it is now clear that claim 1, and by dependency 
claims 2 to 18 and 25, refers to a cell in vitro. 

The Examiner further rejected claims 2 to 8, 10, 12 to 17 and 25 as unclear. These claims 
have been amended so that they recite "the cell" rather than "a cell." Claim 7 has been further 
amended to place it in proper Markush form. 

The Examiner also rejected claim 3 because it recites a cell which "has the capacity" to 
proliferate in continuous culture. The Examiner asserts that this phrase is unclear "because it is 
unclear whether these characteristics actually occur or that the cells could potentially do these 
described things." Applicants submit that the Examiner's objection is not correct and that one of 
ordinary skill in the art would clearly understand what is meant by "has the capacity" in the 
context of ES, EG, or EC cells. Simply put, one skilled in the art would understand, based on the 
language of the claim and the specification, that the cells must be "immortal" in the sense that 
they have the ability to proliferate in continuous culture in an undifferentiated state, where such 
ability would not be present in cells which are not immortal {see present application at page 3, 
line 8, to page 4, line 8, for example). At page 25, line 26, to page 26, line 17, the present 
application provides conditions under which the skilled person, so informed, could test whether 
reprogrammed cells are capable of continuous culture. 

In this respect, Applicants refer the Examiner to Thomson US Patent No. 5,843,780 (copy 
enclosed), granted from W096/22362, which is cited in the present application at page 3, lines 8 
to 23. Claim 1 of the '780 patent recites a purified preparation of primate embryonic stem cells 
which, among other things, "is capable of proliferation in an in vitro culture for over one year." 
As stated column 12, lines 21 to 26 of US Patent No. 5,843,780: "Immortal cells are capable of 
continuous indefinite replication in vitro . Continued proliferation for longer than one year of 
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culture is a sufficient evidence for immortality, as primary cell cultures without this property fail 
to continuously divide for this length of time (Freshney, Culture of animal cells. New York: 
Wiley-Liss, 1994)." These references suggest that the phrase "has the capacity," especially when 
used as it is in the claim, has a well-known meaning in the art. Applicants therefore submit that 
the claim language is clear. 

Applicants have cancelled claim 9, without acquiescing in the rejection to claim 9 and 
without prejudice to subsequent reinstatement of deleted subject-matter in one or more 
continuation or divisional applications, for example. 

In response to the rejection of claims 13-17, the term where present in "embryonal 
stem/embryonal germ" has been replaced with the term "or" and where present in 
"cytoplast/somatic cell fusion" in claim 16 has been replaced with "cytoplast- somatic cell 
fusion." 

35 U.S,C, § 102 

The Examiner rejects the pending claims under 35 U.S.C. § 102, Le,, that the claims lack 
novelty over various cited documents. The Examiner notes in the last sentence of page 12 that 
"the claims recite that the cytoplasm is 'derived from' an embryonal stem cell or embryonal germ 
cell, and that this language encompasses cytoplasm from any cell, because all cells are derived 
from embryonal stem cells." The Examiner therefore has taken a broad view on the meaning of 
"derived from" which is beyond the meaning intended by the Applicant. 

In response. Applicants have amended claim 1 by deletion of the term "derived." Claim 1 
now recites an isolated cell that comprises at least part of the cytoplasm from a mammalian ES 
cell or mammalian EG cell combined with a nucleus of a mammalian somatic cell. A basis for 
this amendment is found, for example, in the application at page 10, lines 19 to 27, page 11, lines 
1 to 6, and page 1 7, line 1 1 , to page 19, line 6. It should now be clear that the claim refers not to 
cytoplasm from any cell, as held by the Examiner, but to cytoplasm (or at least part of the 
cytoplasm) specifically fi'om a mammalian ES or EG cell. 
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The Examiner rejected claims 1-6, 10-12, 18 and 25 as allegedly anticipated by Evans & 
Kaufman (1981). Evans et al teach the generation of pluripotent cell lines isolated from mouse 
blastocysts. They do not disclose an isolated cell comprising a cytoplasm from an ES or EG cell 
combined with the nucleus of a somatic cell as recited in claim 1. In addition, they do not 
disclose a cell line or cell culture comprising such an isolated cell, methods for preparing such an 
isolated cell, or a kit comprising such an isolated cell. As such, Evans et al do not disclose each 
and every claim limitation of claim 1 and therefore do not anticipate claim 1. Since claims 2-6, 
10-12, 18 and 25 depend on claim 1, for at least this reason, these claims are patentable over 
Evans et al 

The Examiner rejected claims 1-12, 18 and 25 as allegedly anticipated by Thompson 
(WO 96/22362). Thompson teaches the isolation and purification of primate ES cells capable of 
indefinite proliferation in vitro in an undifferentiated state. Thompson does not disclose, 
hov^ever, an isolated cell comprising a cytoplasm from an ES or EG cell combined with the 
nucleus of a somatic cell as recited in claim 1 . In addition, it does not disclose a cell line or cell 
culture comprising such an isolated cell, methods for preparing such an isolated cell, or a kit 
comprising such an isolated cell. As such, Thompson does not disclose each and every claim 
limitation of claim 1 and therefore does not anticipate claim 1, Since claims 2-12, 18 and 25 
depend on claim 1 , for at least this reason, these claims are patentable over Thompson. 

The Examiner rejected claims 1, 2, 4-10, 12, 18, and 25 as allegedly anticipate by 
Campbell (WO97/07668). Campbell is said to teach the reconstruction of mammalian embryos 
by nuclear transfer, in particular the transfer of a donor nucleus into an enucleated oocyte. 
Campbell, however, does not disclose an isolated cell comprising a cytoplasm from an ES or EG 
cell combined with the nucleus of a somatic cell as recited in claim 1 . In addition, it does not 
disclose a cell line or cell culture comprising such an isolated cell, methods for preparing such an 
isolated cell, or a kit comprising such an isolated cell. As such, Campbell does not disclose each 
and every claim limitation of claim 1 and therefore does not anticipate claim 1 . Since claims 2, 
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4-10, 12, 18, and 25 depend on claim 1, for at least this reason, these claims are patentable over 
Campbell. Therefore, none of the cited prior art anticipates the presently claimed invention. 

Applicants believe that the present application is now in condition for allowance. 
Favorable reconsideration of the application as amended is respectfully requested. 

The Examiner is invited to contact the undersigned by telephone if it is felt that a 
telephone interview would advance the prosecution of the present application. 

The Commissioner is hereby authorized to charge any additional fees which may be 
required regarding this application under 37 C.F.R. §§ 1.16-1.17, or credit any overpayment, to 
Deposit Account No. 19-0741. Should no proper payment be enclosed herewith, as by a check 
being in the wrong amount, unsigned, post-dated, otherwise improper or informal or even 
entirely missing, the Commissioner is authorized to charge the unpaid amount to Deposit 
Account No. 19-0741. If any extensions of time are needed for timely acceptance of papers 
submitted herewith, Applicants hereby petition for such extension under 37 C.F.R. § 1.136 and 
authorizes payment of any such extensions fees to Deposit Account No. 19-0741. 



Respectfully submitted. 
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Reprogramnung in Inter-Speci^s Embryonal 
Carcinoma-Somatic Cell Hybrids Induces Expression 
of Pluripotency and t^fferentiation Markers 

MAKZENA FLASZA/ ANDREW F, SHERING,^ KATH SMITH,^ PETER W. ANDREWS,^ 
POLLY TALLEV,^ and PENNY A. JOHNSON^ 



ABSTRACT 

Somatic cell reprogramming holds great promise for the development of novel cellular ther- 
apeutics. A number of sources of reprogramming potential have been identified, including 
oocytes, embiypnic germ (EG) cells and embryonic stem (ES) cells. However, each of these 
sources of reprogramming factors is problematic, since they are either not freely available or 
have special growth requirements. Embryonal carcinoma (EC) cells are another source of 
pluripotent cells tha^ unlike ES and EG cells, do not usually require special growth condi- 
tions. Since they share many of the key characteristics of ES cells, such as pluripotency, EC 
cells may provide a readily amenable alternative soiiice of reprogramming factors and could 
serve as a model for ES cells in this respect Here we show that mouse EC cells can also func- 
tion as donors of reprogramming factors. PEG-mediatcd fusion between murine EC cells (P19) 
and the cells of a human T-lymphoma cell line (CEM-GFP) resulted in inter-species hybrid 
colony formation. Colonies of hybrid cells displayed heterogeneity in cellular morphology as 
well as in their pattern of human gene expression. Expression of two human transcription 
factors characteristic of undifferentiated pluripotent stem cells, Oct-4 and Sox-l, was detected 
in the hybrid cellS/ demonstrating activation of endogenous htunan markers of pluripotency. 
Simultaneously, down-regulation of CD4S, a marker present in lymphocytic cells, was ob- 
served in some hybrids. The detection of human specific markers of differentiatioh, such as 
nestitif laminin/Sl, and collagen IVofl, indicates that fusion resulted in feprogramming of the 
human cells to reflect the differentiation potential of the mtirine EC partner: 



INTRODUCTION 

THE MOST PROFOUND HVIDENCH of SOmatlc nU- 
dear reprogranuning was provided by the 
live birth of animals cloned by injection of dif- 
ferentiated somatic fetal and adult cell nuclei into 
eggs (Campbell et al., 1996; Gurdon and 
Uehlinger, 1966; Wakayama et al., 1998; Witaiut 



et aL, 1997), Pluripotency is also a feature of some 
somatic cells sudi as embryonic stem (ES) and 
germ cells (EG) and, whilst it is not currently fea- 
sible to inject somatic cell nuclei into .these cells 
in order to effectreprbgtamming, it i^ possible to 
transfer thdr . pluripotency through the use . of 
ceU-rceU fusions. (Tada et aL, 1997, 2001), 
Historically; cell-cell fusions have been used to 



^nNTTERCYTEX Ltd-y Maxtchester, United Kingdom, 

^Depaxtxnent of Biomedical Science, The Univecsity of Sheffield, Sheffield^ United KingdonL 
^Department of Cytogenetics, Sheffield Children's Trust, Western Bank, ShefEield, United Kingdom. 
Mi^. and A.RS. contS)uted equally to this work. 



339 



14-PPR-2004 15=25 FROM REDDIE AND i3RD3E 



TO FOLEY & LftRDNER P. 11/27 



340 

demonstrate the phenotypic dominance of one 
fusion partner (Baron and Maniatis, 1986; Duran 
et al., 2001; Forcjt et al., 1984; McBumey, 1977; 
McBumey et alv 1978; McBumey and Strutt 1979; 
Miller and Ruddle, 1976). Fusions between 
murine embryonal germ (EG) cells (Tada et alv 
1997) or embxyonal stem (ES) cells (Tada et al., 
2001) and grown under appropriate conditions 
yielded h>1?rids with characteristics of the 
pluripotent partner. Recent work has also dem- 
onstrated that spontaneous fusion of murine ES 
cells with mouse bone marrow (Terada et al,; 
2(W2) or neuror\ai (Ying et al,, 2002) derived cells 
in vitro resulted in hybrid cells displaying the 
characteristics of pluripotent stem cells. In all of 
these reports, the resulting intra-spedes hybrid 
cells expressed markers associated with pluripo- 
tency such as the transcriptional regulator, Oct-4 
(Scholer et al., 1989), tissue non-spedfic alkaline 
phosphatase^ (Berstine et al., 1973) and high lev- 
els of telomerase (Bestilny et al., 1996), and were 
shown to contribute to developing embryonic 
structures when implanted into blastocysts. Thus, 
in these intra-spedfic hybrids, the phenotype of 
the pluripotent partner appeared to dominate the 
phenotype of the somatic partner. 

like mouse ES cells, human and murine EC cells 
are pluripotent (Andrews, 1998; Martin and Evans. 
1975; McBumey et al,i 1982; McBumey and Rogers, 
1982; Miller and Ruddle, 1976). Many EC cells, un- 
like ES and EG cells, do not require spedal growth 
requirements such as feeder layers or addition of 
survival factors such as UP, in order to maintain 
their pluripotency. As such, they would provide a 
readily an^nable and weD-characterised source of 
reprogramming potential and a model for ES cells. 
In addition to expressing Od-4 (Schfller et aL, 1989) 
and other markers of pluripotency, mouse EC cells 
have been demonstrated to contribute to develop- 
ment upon implantation into mtmne blastocysts, 
giving rise to chimaeric animals (Brinster, 1974; Pa- 
paioannou et aL, 1975, 1978). Similarly, indirect ev- 
kience suggests that mouse EC cells also have the 
ability to reprogram. In early experiments the loss 
of some thymocyte markers in hybrids with mouse 
EC cells was observed (Andrews and Goodfellow, 
1980; Forejt et al, 1984). Later experutvenis (Takagt 
et alv 1983) demonstrated that the normally silent 
thymocyte X chromosome in EC-thymocyte hy- 
brids was "reactivated," suggesting it had been re- 
modelled to reflect a more developmentally prim- 
itive celL However, while these findings strongly 
imply that reprogramming by EC cells occurs in 
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somatic cell hylmds, it has not been directiy dem- 
onstrated that reprogramming of the somatic nu- 
cleus geiome had occurred in ttiese hybrid cells; it 
is possible that the somatic genome might remain 
silent in fliese hybrids, at least with respect to the 
expression of genes responsiblB for pluripotency. 

Since ES, EG, and EC cells express endogenous 
Oct-4, and other markers of pluripotency, 
one difficulty in establishing that the somatic 
partner has been reprogrammed in intra-spedes 
hybrids is the availability of appropriate markers 
and assays. To overcome this problem, other in- 
vestigators (Tada et al., 1997, 2001; Ying et al., 
2002; Terada et aL, 2002) made use of transgenic 
mice carrying GFP, the expression of which was 
controlled by Oct-4 transcriptional regulatory el- 
ements. Since Oct-4 is not normally expressed in 
differentiated somatic cells, expression of GFP in- 
dicated that reprogramming had occurred in hy- 
brids formed from thymocytes harvested from 
these mice and fused to a pluripotent partner. 
However, although these studies suggested that 
the thymocyte partner had been reprogrammed, 
in each case the marker was a transgene ran- 
domly integrated into the host genome. 

Expression of endogenous ociarkers of pluripo- 
tency from the somatic host cells (Pells et al./ 2002) 
wovid provide more direct evidence of repro- 
gramming and one approach to directly estab- 
lishing that plxmpotency has been reinstated in 
the somatic cell is to form hybrids from cells of 
two different species. Cross-spedes expression of 
pluripotency markers would indicate tttat the 
pluripotent partner had the capacity to repro- 
gram somatic cells in cell-cell fusions. In order to 
investigate whether EC cells possess reprogram- 
ming ability, we fused mouse EC cells to human 
somatic cells, and looked for evidence of activa- 
tion of endogenous human specific markers of 
pluripotency. We here present evidence that EC 
cells can reprogram somatic cells and 4iat the 
ability to re-establish markers of pluripotency 
and differentiation using this technique is con- 
served across species. 



MATERIALS AND METHODS 

Cell lines and growth conditions 

Cultures of murine P19; (McBumey et al., 1982) 
and human NTEEIA2/D1; (Andrews, 1984; Fogh 
and Trempe, 1975) embryonal carcinoma cells 
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EC CELLS REPROGRAM CROSS-SPECIES HYB 

were maintained in Dulbecco's Modified Eagles 
Medium pMEM, high glucose formulation; 
BioWhittaker Ltd,, Wokingham, UK) supple- 
mmted with 10% fetal bovine serum (FBS) 
(Gibco) and 2 mM L-glutamine (InVitrogen) in a 
humidified atmosphere of 5% CQz in air. To pas- 
sage NTERA2/D1 cells, they were harvested by 
scraping, and reseeded at a density of >5 X 1(P 
cells per 75 cm^, as previously described (An- 
drews, 1984). CEM-GFF is a clonal cell line de- 
rived from the hmnan T-lymphocytic ceU line, 
CEM-C7A, by electroporation (EasyjecT Plus 
electroporator, Biorad; G. Brady, unpublished 
data) of the pEGFP plasmid (Qontech) that con- 
fers resistance to geneticin and expression of 
Green Fluorescent Protein (GFP). CEM-GFP cells 
were maintained in suspension cultures in RPMI 
1640 (InVitrogen) supplemented with 10% FBS, 2 
mM L-glutamine, and 0.4r^.8 mg/mL geneticin 
(InVitrogen) at a density of 1-2 x 10^ cells/mL 

Cell-cell fusion using PEC 

FEG-mediated fusion was performed as previ- 
ously described (Duran et al., 2001). Briefly, 10^ 
embryonal carcinoma cells were mixed with 10^ 
somatic cells in serum-free medium (DMEM, 
BioWhittaker Ltd,, Wokingham, UK). Mbced cell 
cultures were collected by centrifugation, the 
medium was removed from the combined cell 
pellet and replaced with 0.4 mL of 50% PEG 1500 
ORoche Molecular BiochemicalS; Mannheim, Ger- 
many) or, as a fusion control, 0.4 mL Phosphate 
Buffered Saline (Ca2+ Mg2+ hee PBS; InVitrogen, 
Paisley, UK), both pre-warmed to 37°C, and cells 
were incubated at 37*C for 1.5 min. In order to 
dilute PEG/PBS and terminate the fusion reac- 
tion, 10 mL of serum-free medium pre-warmed 
to 37*C was gently re-introduced into the mixed 
cell pellet over five minutes. Cells were gently 
washed once more in serum-free medium, and fi- 
nally resuspended in DMEM medium supple- 
mented with 10% FBS and 2 mM glutamine. Cul- 
tures of PBS- or PEG-treated celb were plated in 
fovir equal aliquots; three aliquots into 75-cm^ 
flasks and the fourth aliquot into a 150-nun tis- 
sue culture Petri dish in order to facilitate cloning 
of colonies growing in genetidn-supplemented 
medium. 

Hybrid selection 

To select against parental P19 cells, the 
medium from die one aliquot of cells plated in 
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150-mm Petri dish, was removed 24 h after fusion 
and replaced with fresh medium supplemented 
with 0,4-0.8 mg/mL genetickv Prior to replacing 
the meditim the cultures were vigourously 
washed twice with Dulbecco's PBS to wash away 
non-fused CEM-GFF cells. Fusion products were 
incubated in selective medium for 6 days. 
Colonies of potentially reprogrammed cells were 
thei isolated using clonirtg cylinders (Sigma 
Cotpv UK), lightly trypsinised and divided into 
two eq\ial aliquots. Half of each colony was al- 
lowed to expand in tissue culture, while the sec- 
ond half was subjected to analysis of gene ex- 
pression. 

Analysis of gene expression 

Collected colonies were analysed by TaqMan 
real-time PGR (Applied Biosystems, UK) that de- 
tected amplified products through fluorescently 
tagged gene-specific probes or via SYBR Greenl 
(Eurogentec Ltd., Belgium). The sequences of 
primers and probes (where used) are presented 
in Table 1 and included human (h) and murine 
(m) OcW, Sox-2, GAPDH, and human alkaline 
phosphatase (ALPl), CD45, kmininfit nestin, neu- 
roDl, brachjfury, collagen IVaL The primers and 
probes were designed using Primer Express soft- 
ware (Applied Biosystems) based on 3' untrans- 
lated regions of each gene to allow unequivocal 
discrimination of species homologues. 

An aliquot, representing a qviarter of the total 
number of cells in the fusion cultures (approxi- 
mately 2.5 X 107 CEM-GFP cells: 2.5 X 10* P19 
cells), was collected at 24, 48, and 72 h or single 
colonies obtained after 6 or 26 days in selective 
medium, were harvested as described above and 
total RNA was isolated using TriReagent (Sigma 
Corp., UK) according to the manufacturer's in- 
structions. Total RNA samples were resuspended 
in 10 /li of RNA storage solution (Ambion, UK), 
and 1 fjL of this material was subjected to am- 
plification as detailed in Brady and Iscove (1993). 
This method results in a collection of amplified 
polyA cDNAs that accurately represents the 
abundance of the corresponding mRNA in the 
starting sample (Al-Taher et al., 2000; Brady and 
Iscove, 1993; Iscove et al., 2002). An aliquot of this 
product, undiluted or diluted 100-1,000-fold, was 
subjected to gene-spedfic TaqMan real-time PGR 
(40 cycles)/ in triplicate, with appropriate specific 
primers and detection through gene-spedfic 
probes (Table 1) or SYBR Greenl, for the desired 
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Tabu l. PtoMEftS and Probes Specific for Human and Mouse cDNAs 



Species/^ene 



Human 
OcM 

Sox-2 

GAPDH 

Laminin ^1 

Nestin 
hleuroDl 

ALPL 

CD4S 

Murine 

Oct^ 

Sox-2 

CAPDH 



Sequence 5*-3' 



Forward: CKXri'l'l'llXSGATTAAGTlCi'lCATTC 

Reverse: TCACCTTCCCrCCAACCAGlT 

Probe CACCCTTTCTGriCCCAATrCCTTCCTrAG 

Forward: CACACTGCCC CTCTC ACACAT 

Reverse: CATnCCCTCGTrrnCTnGAA 

Probe: CTCCAGTTCGCTGTCCCGCCCT 

Forward: ACACTCAGACCCCCACCACA 

Reverse: CATAGGCCCCTCCCCTCTT 

Probe: TCTCCCCrCCTCACAGTTGCCATGTAGA 

Forward: CGAAATGCTACAAAATGAAGCA A 

Reverse: TIGTCTrCATAril'lXJIU'lCTAAATCnTGA 

Probe: AACTCTmAGCTCAACCAAATAGCAAGCTGCAAC 

Forward: TCAGCAGGGCATCGCAT 

Reverse: AAATGTCAnTCAGGCCTAGTGG 

Probe: CCGAATCTGCCCTCCTGCGCT 

Forward; TGTGGCCCAGAGGCTrCTC 

Reverse: CAGGGCrGGTCAGCTTGG 

Probe: CAAAAGCCAGCATCrCACCCrCCCr 

Forward; GACCTAACTGATAnTCAITATrrGGAATATG 

Reverse: CCTAAAGGCTAAGCCACITAAAACA 

Probe: AGAAAAAAACACACTGTrTGTACTGCCGTCCAG 

Forward: TTCTGGACCCrGGCAAACAT 

Reverse: ATGAACCCAACTGTGGAGATGAT 

Probe: TGCCCCAACCrCACTGACGGTGAA 

Forward: CCTCGCAGGGCrCACACT 

Reverse: AAACAGGAGAGTCGCTTCAGAGA 

Probe: CTGGGCTCTGAACACACACGCCA 

Forward: TrGTTGTCAAA/VGTATCAAGCAATAAATr 

Reverse: TCAGCTTATCATGCTGrCTTTACATG 

Probe: SYBR GreenI (Eurogenetech Ltd.) 

Forward: GAGGAGGGATTAAAAGCACAACA 

Reverse: TAAGAACAAAATGATGAGTGACAGACA 

Probe; CTCCTGATCAACAGCATCACrGAGCTTCrrr 

Forward: TnTAAAAGATTCGGCrCTGlTATrG 

Reverse: TTGAAAATGTAGCTGTTATAAGGATGGT 

Probe: AATCAGGCTCCGAGAATCCATGTATATATTTGAACTAA 

Forward: AACTCGGCCCCCAACACT 

Reverse; CaAGGCCCCTCCTGTrATTATG 

Probe: CATCTCCCTCaCAATTTCCATCCCAGAC 



gene targets using an AB7700 "TaqMan" appara- 
tus according to manufacturer's instructions (Ap- 
plied Biosystems). The human EC cell line 
NTERA2/D1 served as a control for expression 
of human ixiarkers of pluripotency (hOcN4/ hSox- 
2) or differentiation hlamininfil (Benham et al,, 
1983; Wang and Gudas, 1983), hcollagenlVal 
(Benham et aL, 1983; Wang and Gudas, 1983), 
hnestin (Przyborsld et al., 2000), hneuroDl (An- 
drews et al., 2001), and hbrachyury (Yamaguchi et 
al., 1999). 

The first cycle of TaqMan at which the instru- 
ment can detect release of the fluorescent marker 
FAM from gene-spedfic probes or binding of 
SYBR GreenI to amplified product, is the "thresh- 



old'' cycle (Ct) for the gene under investigatiDrL 
In each experiment, the threshold for detection of 
product was set such that it fell within the liriear 
phase of the amplification reaction. In addition, 
for each TaqMan reaction a baseline was esti- 
mated between cycles 3 and 15. Thus, a Ct value 
of 15 or less indicated that the reaction was satu- 
rated due to over-abimdance of the template se- 
quence under xnvestigatiorL In the experiments 
described, sample material was subjected to 40 
cycles of TaqMan amplification. Control reactions 
in which no template was added (NTC) resulted 
in a threshold cyde of 40 (i.e., no detectable out- 
put after 40 cycles). Reactions resulting in a Ct of 
less than 40 indicated the presence of target 
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cDNA in the sample. In each experiment ttve data 
are expressed as the number of q^des that the re- 
action sample differs from a control in which no 
template was added (ACt; 40-Ct), Eadi ACt in- 
crease represents a two-fold increase in the 
amount of template. Change in the relative ex- 
pression of the target gene was calculated as 2^^*, 
relative to the no template control NTC = 1 (2^* 
where ACt = 0). 

Immunostaining 

Cells from hybrid colonies or parental P19 EC 
cells were plated onto untreated glass coveislips 
in medium supplemented with 0.8 mg/mL ge- 
netidn^ where appropriate, and left to attach 
overnight at 37*C and 5% CO2. Parental CEM- 
GFP cells were attached to poly-L-lysine-treated 
coverslips (0.01%; Sigma UK) by brief centrifu- 
gation. Cells were fixed in 3% paraformaldehyde 
in PBS for 20 min at room temperature, washed 
three times in blocking buffer (5% FBS, 0-1% so- 
dium azide, in PBS), followed by treatment with 
mouse IgM anti-SSEAl antibody (Andrews et aL, 
1982; Solter and Knowles, 1978) diluted 1:5 in 
blocking buffer, and were incubated fgr 1 h, 4*C. 
Cells were rinsed three time with blocking buffer 
and then incubated in Cy3-con|ugated goat-anti- 
mouse IgM antibody (Jackson Lnmunoresearch 
Laboratories, PA), diluted 1:500, for 1 h, 4*^0. Fi- 
nally, cells were washed three times with PBS, 
mounted in Vectashield (Vector Lab, CA) and 
viewed by immurYofluorescence microscopy 
(Zeiss). Expression of GFP was examined using a 
520-nm wavelength filter, and Cy3 fluorescence 
was evaluated using a 650-nm wavelength filter, 

Karyoh/pe analysis 

Karyotype analysis was performed on hybrids 
approximately 1 month post-fusion essentially as 
previously described (EKiran et aL, 2001). To ob- 
tain chromosome preparations suitable for G- 
band analysis/ colcemid (InVitrogen) was added 
to sutKonfluent, exponential cultures for 2-4 h at 
a concentration of 0.2 /xL/mL. The cells were har- 
vested using trypsin/EDTA (InVitrogen), ex- 
posed to hypotoruc solution (0.0325 M KCl) for 
10 min and fixed (methanol/acetic add, 3:1). 
Metaphase spreads were prepared, and for each 
hybrid, 20-50 metaphases were counted. Images 
were captured digitally visix;g Cyto Vision System 
(version 2.81; Applied Imaging, Newcastle, UK). 



IDS 343 
RESULTS 

We carried out four independent fusion ex- 
periments and three expression assays in order 
to determine whether reprogramming had oc- 
curred. Krstly, we assayed short-term expression 
of Oct-4 and Sox-2, prior to selection of hybrid 
colonies in genetidn. Secondly, we allowed 
colonies of fused cells to grow under selective 
conditions and assayed for expression of mark- 
ers indicative of fusion of mouse and human cells. 
And thirdly, we assayed for specific gene ex- 
pression indicative of plimpotency and of differ- 
entiation in the mouse-hxunan hybrids grown un- 
der selection. 

The detection level and spedes-specificity of 
the primers and probes in the target somatic cell 
population was established for each of the three 
geneS/ hGAPDH, hOci-4, and hSox-2. We con- 
structed two redprocal dilution series consisting 
of a population of mouse P19 cells (10^ mixed 
with a diminishing number (10^-0) of htmian 
CEM-GFF ceUs and a population of human CEM- 
GFP (10®) cells mixed with a diminishing num- 
ber (10^-0) of murine EC Pl9 cells (Fig. 1 A,B). Us- 
ing human-specific primers/probes we did not 
detect the presence of hOct-4 or hSox-2 in 10^ 
CEM-GFP cells (Pig, lA), whereas in the redpro- 
cal dilution series, mOcM was readily detected 
in as few as 10 P19 cells in a mixed population 
with 10^ CEM-GFP cells (Fig. IB) using mouse- 
specific primers. This was in contrast to expres- 
sion of hGAPDff, which we detected in as few as 
10 hiiman CEM-GFP cells in a mixed population 
with 10^ mouse P19 EC cells. Thus, prol>es spe- 
cific for the human genes did not cross-react with 
their murine coimteiparts in as many as 10^ (Fig. 
lA) nor in as many as 10^ Pl9 cells (data not 
shown) or vice versa. Expression of hOct^ or 
hSoi:-2 was detected in human NTERA2/D1 EC 
cells (Fig. lA) in as few as 10 cells (data not 
shown). 

expression of Oct-4 and Sox-Z in 
PEG-treated cultures 

It is well known that hybrids formed between 
human and mouse cells are karyotypically unsta- 
ble, and rapidly and specifically lose up to 95% of 
their human complement of chromosomes unless 
appropriate selection is applied (Matsuya et al., 
1968; Weiss and Green, 1967). Blau et al. (1983) 
and Baron and Maniatis (1986) addressed this 
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■IhGAPDH 



NTERA2/D1 



CEM-GFP celts 
(iiuntterf10Sp19coB&) 




(nuRibMflDO caUMFP ceVa) 

PIG. 1. Expression of GAPDH, Oct-4, Sox-2 in CEM-GFP and P19 cells, (A) Mouse EC P19 cells aO^) wen; xx6x&d 
with a diminishmg number of human CEM-GFP cells (ICM). The mixed popiilation was assayed for expression of 
hum^m GAPDH, and Sox-l genes in real-time TaqMan amplification cycles. As a control expression of the three 
human genes was also assayed in humaxx EC (NTERA2/D1) cells. (B) Human CEM-GFP cells (10*) were mixed with 
an increasing number of murine EC P19 cells (lO^-O). The mixed population was assayed for expression of murine 
GAPDH, Oct-4, and Sca:-2 genes as in A Note thet e)(pression of mOAPDH and mSox-2 is saturated at the equivalent 
of 10* Pl9 cells. PolyA-cDNAs weie diluted l,OOQ-£old for each sample- 



problem of instability of mouse-human hybrids 
by assaying for human gene expression 24 K after 
fusion. We therefore assayed for expression 
of hinnan Oct-4 and Sox-Z dxiring the first 72 h 
post-fusion. Human GAPDH, a ubxquitotisly ex- 
pressed housekeeping gene/ was used as an indi- 
cator of cell number. We noted that expression of 
hGAPDH was relatively high compared to hOci- 
4 and hSox-2; thus, in order to normalize our data^ 
we directly compared expression of the target 
genes in FEG-treated versus PBS-treated cultures 
(Fig. 2). In one of three independent experiments 
assayed in this way, the relative level of hOcf-4 
and hSox-2 was seen to increase in the PEG- 
treated cultures compared to control cultures 
treated with only PBS at 24 and 48 h (Fig. 2). The 



relative differences (AACt) for hOd-4 were 27 and 
10.6 at 24 h (ACt 8.4-ACt 5.7) and 48 h (ACt 
10,6-ACt 0), respectively, in PEG- veisus PBS- 
treated samples. Similarly, hSox-2 expression in- 
creased by AACt 9.5 and AACt 8.0 over 24 h (ACt 
9.5-ACt 0) and 48 h (ACt 8.0-ACt 0), respectively 
(Fig. 2B). This compared with an increase of AACt 
of 2.0 and 0.6 over the same time for hGAPDH 
(Fig. 2Q. These relative increases in hOct'4 and 
hSoX'2 had dissipated by 72 h post-fusion (data 
not shown). The ACt AACt, 2^*, and fold-change, 
for each reaction are summarised in Table 2. 

No such difference in relative expression of the 
target genes was observed between PEG- or PBS- 
treated cultures in the other independent fusion 
experiments. 
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FIGt 2* Short-term expression, of human pluripotency^ markers. A mixed population of P19 and CEM-GFP cells 
treated with PBS (black bars) or PEG (cross-hatch bars) were assayed for expression of three human genes {GAPDH, 
Oct-4, and Sox-l), 24 and 48 h post-tceatment usirvg TaqMan Real Time ampMcatioiL The results are expressed as 
ACt/ the number of cycles that expression of the target genes differs in tfie test samples item a no-template control 
sample. (A) (B) hSox-2. (C) hCAPDH 



To test whether PEG treatment per se had an 
effect on expression of the target genes^ we 
treated CEM-GFP (Kfi) cells with PEG or PBS. 
Cells were collected 24 h after treatment and the 
expression of GAPDH, Oct-4, and Sox-2 was de- 
termined* There was no detectable difference in 
expression of the test genes in PEG-treated rela- 
tive to PBS-treated cells (data not shown). 

Generation of PlQxCEM-GFP colonies 

Detection of short-tenn inter-spedes expres- 
sion of hOct'4 or hSox-2 was successful in only 
one of the fusion experiments described above 
and was further confounded by detectable ex- 



pression of both genes in the target human pop- 
ulation in PBS-treated cultures when assayed 
from the large number of cells used in these ex- 
periments (CEM-GFP >107 cells). Therefore, an 
aliquot of cells from each of the fusion experi- 
ments was plated into culture medium supple- 
mented with geneticin to select for those EC cells 
that had successfuUy fused to CEM-GFP cells. 
Previous experiments have demonstrated that 
when non-adherent lymphoid cells and EC 
(Okuyama et alv 1986), EG (Tada et al,, 1997), or 
ES (Tada et aL, 2001) ceUs are fused, some re- 
sulting hybrids grow as adherent monolayers. 
Thus, non-adherent parental CEM-GFP cells were 
removed by aspiration of culture medium along 
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Table Z ixnssson or hOcr-4, hSo x-2, and hCAPDH at 24 and 48 h Post-Fusidn in One ExpgRiMEi«fr 

Tre atjnera ACt AACt 2^ FoU-dmnge AO AACt 2^ FM-Omfigt 

GAPDH ^ III 2.1 i^^i^ 4.0 g 0.6 ^ ^ ^ 

ACt is the number of cycles that a given sample differs from a NTC; AACt is the l^umber of cycles that one sample 
differs from a comparator sample (i.e., change in ACt relative to control); 2^^* is the change in the number of tern- 
plates generated relative to NTC, 



with any hybrids that did not conform to the ad- 
herent EC morphology. 

Small colonies of genetidn-resbtant, adherent 
cells were apparent 6 days after plating in selec- 
tive medium. Three independent experiments 
yielded 13, 67, and 72, colonies/lO* EC cells 
plated/ respectively;, giving an approximate fu- 
sion efficiency of lO-MO"^. This is comparable 
to, although slightly less than, the efficiency of 
colony formation seen in intra-spedes fusions 
(our unpublished data; and Tada et al., 1997, 
2001). In contrast, FBS-treated cultures yielded no 
colonies of adherent cells in selective meditim in 
any of our fusions. 

In order to confirm that the cells growing un- 
der genetidn selection were indeed moiise x hu- 
man hybrids, we examined by immunofluores- 
cence the expression of two specific markers, each 
expressed exclusively by the mouse or human 
parental cells. The human CEM-GFP partner is 
characterized by expression of GFP (Fig. SA-C), 
while mtirine EC P19 cells are immunopositive 
for SSEA-1, a ceU-surface marker expressed on 
mouse EC cells but not on human CEM cells (Fig. 
3D-F). We observed expression of GFP together 
with expression of SSEA-1 (Fig. 3G-I) only in 
colonies of cells growing under genetidn selec- 
tion, confirming that these were hybrids of mouse 
and human cells. 

Fifteen individual colonies were cloned from 
one of the fusions. Each colony was split in two, 
one half of which was subjected to real-time PCR 
analysis of gene expression while the second half 
was allowed to grow on in tissue culture in the 
presence of genetidn. Five individual represen- 
tative colonies exhibiting typical morphology of 
hybrids growing under selection and for com- 
parisoxv a colony of parental P19 cells, are shown 



(Fig. 4A). AH colonies contained cells with typi- 
cal EC morphology: growth in tight dusters 
within uniform borders, prominent nudeoli, and 
low cytoplasmic volume compared to nudear 
volume (Martin, 1980; Martin and Evans, 1975). 
At the margins of some colonies, particularly 
colony 6, we noted cells displaying morphology 
unlike pluripotent EC cells. While the centre of 
such colonies contained tightly packed EC-like 
cells, at the margins we observed cells with a 
higher nucleus/cytoplasm ratio than EC cells and 
with a flattened appearance and processes pro- 
truding from the cell body (Fig. 4A, arrow). Cells 
with similar morphology are often observed in 
EC cell colonies (Andrews et al., 1982, 2001), and 
it seems likely that these cells arose by sponta- 
neous differentiation of the EC-like cells. 

We next surveyed e?cpression of the two mark- 
ers of pluripotency and GAPDH in individual 
colonies, Eveiy colony expressed human and 
mouse GAPDH and mouse Oct-4 (Fig. 4B) and 
Sox-2 (data not shown) indicating that each 
colony contained both mouse and human cells 
and, since they were growing in genetidn, their 
presence in ctilture was consistent with hybrid 
formation. Interestingly, colony 5 expressed little 
human or mouse OcM and thds might be an ex- 
ample in which some reprogramming, and con- 
sequent loss of pluripotency, of the EC cell by the 
CEM fusion partner occurred as has been previ- 
ously noted in certain intra-spedes hybrids 
(McBumey, 1977; McBumey and Strutt, 1979). Al- 
ternatively, these may represent differentiated 
derivatives of hybrids that initially expressed an 
EC phenotypc. After doningy this particular 
colony failed to proliferate .further. All individual 
colonies expressed human Sox-2 (Fig. 4C) and in 
addition colonies 1, 6, 7, 8, 9, 10, 11, 14, and 15 
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FIG. 3. Expression of GFP and S5EA1 in hybrid cells. Adherent genetidn-^esisiant (0-4-0-8 mg/mi) colonies were 
examined for expression of Green Fluorescent Protein (GFP) and mouse Specific EC cell marker SSEAL (A,B,C) Hu- 
man CEM-<;FP ceils. (D,E;F) Murine P19 EC cells. (G,H,D Adherent hybrid colony. (A AG) Expression of GFP. (B,E,H) 
Expression of SSEAl detected using mouse anti-SSEAl antibody. (QF,I) Merged images (A and B, D and E, G and I, 
respectively)- Arrowheads indicate residual non-fused CEM-GFP cells. Bar = 25 /<m. 



also expressed human Oct'4 (Fig. 4C), We were 
able to propagate cells from colonies 1/ 2, 4, 6, 7, 
8y 12, IX and 14/ for at least 26 days when ex- 
pression of hOct-i, hSox'2, and hGi^DH^ was as- 
sayed again. While expression of hGAPDH was 
detectable in all colonies and hSox-2 in all colonies 
except colony 12, expression of hOct-4 was de- 
tectable only in colonies 1, 2, 6, and 7. These data 
are summarized in Table 3. Loss of hOct'4 ex- 



pression and of other human genes at 26 days was 
probably due to instability of human chromo- 
somes in hybrids. This conclusion was supported 
by G-band analysis performed on several clones. 
The tested clones varied in their karyotypes, im- 
plying instability* The observed chromosomes in 
the hybrids were predominantly similar to the 
mouse parent cells. We observed no identifiable 
whole or large segments of human chrom£>somes. 
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FIG. 4» Morphology and expression of pluripotent genes in hybrid colonies. (A) Examples of five individtiai hybrid 
colonies (1, 3, 6, 9, 14) at 6 days posNfusion. The arrow indicates a ceQ in Colony 6 that appears not to have EC cell 
morphology. An example of parental mtirijae ?19 EC cells is also shown for comparison. Bar = 50 /im. (B) Expres- 
sion of murine Oct-4 (cross-hatch bars), and GAPDH (black bars) in 15 individual colonies assayed at 6 days pos^fu- 
sion^ and in the parental cell lines, P19 and CEM-GH*. (Q The identical colonies in B and in the parent^ cell lines 
were assayed for human Oci-4 (aoss-hatch bars), $ox-2 (striped bars), and GAPDH (black bars) expression. NTC, no 
template control. PolyA-cDNA templates were diluted l,00tHfold for each sample. 



however there were often small unidentifiable 
chromosome fragments present. We could not ex- 
clude the possibility that parts of human chro- 
mosomes were present either in the fragments or 
as small regions inserted into the predpininantly 
moxise chromosomes (data not shown). 

Additionally, we investigated CD45 expres- 
sion, a gene normally expressed in CEM-GFP 
cells, in our mouse X human hybrids at 6 days 
post-fusion. In several colonies (colony 1, 6, 9, 13, 
and 14), the expression of human CD45 was 
down-regulated compared to the level of expres- 
sion in CEM-GFP cells (Fig, 5). In three colonies 
(1, 6, 9), the observed down-regulation of CD45 
was not due to complete loss of chromosome 1, 
where the CD45 gene resides, since concurrent 
up-regulation of the human alkaline phosphatase 
(ALPL) gene, also located on chromosome 1, was 
observed in these colonies. The human-specific 



primers did not amplify template from greater 
than 10* P19 EC cells (data not shown). 

Evidence of differentiation in hybrid cells 

We and others have observed that P19 cultures 
often contain cells that appear to have a flattened 
appearance with a higher nudeus/cytoplasm ra- 
tio than pluripotent EC cells 0ones-Villeneuve et 
al., 1982; Martin and Evans, 1975). As noted above 
some hybrid colonies contained cells that did not 
wholly resemble an EC morphology, suggesting 
that some degree of spontaneous differentiation 
may have occurred in the CEM-GFP x F19 hy- 
brids as it does in a subset of parental F19 cells 
in tissue culture. Others have described these 
type of cells as "parietal endoderm" (Roguska 
and Gudas, 1985; Smith et al., 1987). Parietal en- 
doderm cells have been characterised by their ex- 
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Table 3. Expression op Human MAfuoERS os PunaPorENCV and DnrERENnA-nON in CENKIFP x F19 Hybrids 
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Expression of human pluripotency markers: OcM and Sox-1, and spedfLc differentiation ntarkers: hmimmpi, cblla- 
^enlVal and nestin in nine individual colonies at 6 and Z6 da3rs po3t-fu$ion^ and in the parental cell line, CEM-OFP. 
Human EC cell line NfTERA2/Dl was assayed as a control for ^ression of tiic markers. (-), ACt < 3, ACt > 
3, (+ +), ACt > 5/ (-1- + +)y ACt > 10, idative to hGAPDH expression in the same colony. 



pression of lamininfil {Chen and Gudas, 1996) 
and collagenlVal (Benham ct al., 1983; W^g and 
Gudas, 1983). In addition, imdex appropriate con- 
ditions/ Pl9 cells can be Induced to differentiate 
into skeletal myocytes or neurons (Jones-VD- 
leneuve et aL, 1982; McBumey et al,, 1982), Dur- 
ing the early differentiation of Pl9 cells induced 
by retinoic acid (RA), expression of nestin mRNA, 
a marker of primitive neuroblasts, was detected 
(Gao et al., 2001), Further, differentiation in P19 
cells is accompanied by expression of neuroDl or 
brachyury when cultures are chemically induced 
to give rise to neurons or myocytes, respectively. 
We therefore investigated wheiiher the colonies 
resulting from our fusion experiments expressed 
human markers of differentiation. We assayed 
human gene expression in nine colonies on day 
6 and day 26 after fusion (Table 3). 
Six days after fusion, expression of human 



lamininfil was observed in one colony (colony 6), 
while collagen IV al was detected in two colonies 
(colonies 6 and 7), and human nestin expression 
was detected in three colonies (colonies 6, 8, and 
14). In several of these colonies, for example^ 
colony 6, we detected expression of human Oct- 
4 and/or Sox-2 together with expression of these 
markers of differentiation suggesting that there 
existed possible heterogeneity in the fate of indi- 
vidual cells within, the colonies. At 26 days post- 
fusion, expression of laminin fil and cpllagerilVirl 
was no longer detectable in any colonies. How- 
ever, colony 6 retained expression of nestin. We 
did not detect human brachyury or neuroDl ex- 
pression in any^ colonies at 6 or 26 days post-fu- 
sion (data not shown). Furthermore, we did not 
detect expression of the spedfid markers of dif- 
ferentiation in parental CEM-GFF cells nor did 
the primers/probes for the human genes detect 




HybrtdoQlonlM CEM-6FP 



FIG. 5. Down-regulation of human CD45 in hybrid colonies. The expression of human CD45 (striped bars), human 
alkaline phosphatase {ALPL) (speckled bars), and hGAPDH (black bars) in five individual colonies (corresponding to 
colonies on Fig. 4) assayed at 6 days post-fusion^ and in dilution series of parental human CEM-CPP cells (10^, 10^, 
10^, 10^). FoiyA-cDNA templates were diluted 100-fold for each hybrid sample. - 
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expression of the homologous genes in parental 
P19 cells. These data are summarised in Table 3. 
As a further control, we examined expression of 
these differentiatiorL markers in the human EC 
cell line, NTERA2/D1 (Andrews, 1984; Fogh and 
Trempe, 1975), in a culture largely consisting of 
undifferentiated EC cells. Similar to the P19 X 
CEM-GFP hybrids, we observed expression of 
human kminin^, colhgertlVal and nestin, but no 
expression of neuroDl or brachfury in NTERA2/ 
Dl cells, in agreement with previous studies of 
these cells (Andrews et al., 1983; Gokhale et al., 
2000; Przyborski et al-, 2000). Since the only 
source of human gene expression in hybrid cells 
was the CEM-GFP fusion partner, expression of 
specific human markers of differentiation 
strongly suggests that the potential fate of the 
CEM-GFP partner had been altered to reflect that 
of its murine EC partner. 



DISCUSSION 

Reprogramming of somatic nuclei to reflect a 
more primitive stage in development has long 
been established in amphibians (Briggs and King, 
1952; Gurdon, X964) and more recently in mam- 
mals (Campbell et al., 1996; Wilmut et al^ 1997). 
Injection of somatic cell nudei into the permis- 
sive environment of the enucleated egg has re- 
sulted in live birth of fully developed dones 
(Campbell et eJ,, 1996; Gurdon and Uehlinger, 
1966; Wakayama et al., 1998; Wilmut et al., 1997) 
suggesting that the egg carries special activity 
that allows chromatin remodelling to a profound 
extent. Although it is technically not possible to 
similarly inject a somatic cell nudeus into a nor- 
mal celt it has been possible to demonstrate the 
reprog^camming of somatic cells through fusion 
with pluripotent ES (Tada et al., 2001) and EG 
cells (Tada et al., 1997). Although indirect evi- 
dence has previously suggested that EC cells 
have a comparable capadty for reprogramming 
in ceU-cell fusions (Andrews and GoodfeUow, 
1980; Featherstone and McBumey, 1981; McBur- 
ney and Strutt, 1979; Serov et al., 2001; Takagi et 
al., 1983), we have confirmed using several crite- 
ria that indeed this appears to be the case. Firstly, 
we have observed the expression of human 
pluripotency markers, Oct-4, Sox-Z, ALPL, in hy- 
brids formed between human CEM-GFP and 
murine P19 embryonal carcinoma cells. Secondly, 
in some colonies we observed concurrent dowt\- 



.regulation of CD45, norroally expressed in CEM- 
GFP cells and other cells of haematopoietic ori- 
gin. Thirdly, we have detected expression of hu- 
man markers in some hybrids reflecting the 
differentiation potential of the mimne EC ceU tiiat 
was not avail^lc to the human cell prior to fu- 
sion. These data strongly suggest that depro- 
gramming (Le,, erasure of the previous develop- 
mental fate) and reprogramming occurred in the 
human cell partner under the influence of the 
plxuipotent partner. Since the reprogramming 
cells vised in these experiments were murine in 
origin while the reprogrammed cells were hu- 
man, we condude that this ability is conserved 
between spedes. 

Early experiments using fusion of cells to dis- 
cern dominant and recessive phenotypic charac- 
teristics demonstrated that in human-mouse hy- 
brids, the human genome was unstable (Matsuya 
et al.; 1968; Weiss and Green, 1967). Thus, human 
chromosomes/ unless under selection, were fre- 
quentiy and randomly lost in cross-spedes hy- 
brids. We observed tiiat expression of human 
genes in our hybrids was imstable. For example, 
early expression of OcM was evidentiy extin- 
guished when assayed some weeks after fusion 
in some colonies although all colonies assayed re- 
tained expression of hximan Sox-2. It seems uin- 
likely that this loss of human OcM expression 
was due to complete differentiation of the origi- 
nal colonies since most cells retained an "EC-like" 
appearance and continued to proliferate and ex- 
press murine Oct-4 (data not shown). One expla- 
nation is that the hiunan chromosome carrying 
Od-i was lost during expansion of the colony. In- 
deed, loss of hximan chromosomes was observed 
by karyotype analysis of several of our hybrids. 
Stable humane-mouse hybrids have been de- 
scribed that resulted from fusions between 
mxuine musde and human non-musde cells 
(Blau et al.. 1983; Blau et al,, 1985; Chiu and Blau, 
1984). Interestingly^ in each instance the resulting 
hybrids expressed human muscle-spedfic genes 
and retained a full complement of human chro- 
mosomes however, like the murine muscle par- 
ent cells, these hybrids, unlike our hybrids, were 
non-proliferative and the nudei did not fuse. The 
single gene contributed from tiie CEM-GFP cells 
that would necessarily be maintained was the 
gene encoding resistance to genetidn since all 
cells continued to grow in the presence of selec- 
tion. One explanation for retention of human Sox- 
2 expression in all hybrids is that the plasmid con- 
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ferring resistance to geneticin may have been in- 
tegrated on the same chromosome as this gene^ 
but we have not confirmed tfus. Alternatively/ as 
it has been recently demortstrated that a modest 
increase in OcM expression resulted in differen- 
tiation of ES cells to primitive endodenn (Niwa 
et alv 2000)/ it is feasible that expression from the 
human homologue resulted in differentiation of 
some hybrid cells and selection agamst cells 
maintaining high levels of human Oct-4 expres- 
sion. Pluripotency could still be maintained as 
long as some cells within colonies retained ex- 
pression of murine Oct-4 (Fig. 4B). 

Expression of human markere of differentia- 
tion were likewise expressed during early out- 
growth of colonies but largely lost during subse- 
quent proliferation of the colonies. Random loss 
of human chromosomes may have accounted for 
much of the ablation of gene expression. Alter- 
natively^ the cells expressing human nestin, colk" 
genWal, or lamminjsi, may have differentiated 
and been diluted in the population by prolifera- 
tion of those cells retaining EC characteristics. 
One colony (colony 6) was remarkable in retain- 
ing expression of both markers of plviripotency 
and of human nesim over the course of our in- 
vestigation. The morphology of this colony was 
similarly notable in its heterogeneity at 6 days af- 
ter fusion and this heterogeneity appears to have 
been reflected in its profile of gene expression. In- 
terestingly, none of the colonies expressed neu- 
roDl or brachyury. Expression of these two genes 
is observed in P19 cells specifically induced to un- 
dergo neuronal or myocyte differentiation^ re- 
spectively (Farah et alv 2000; Yamaguchi et aL, 
1999). We postulate that the observed expression 
of genes associated with diflferentiation arose 
through spontaneous differentiation of some cells 
within the colonies. Spohtaneoxis differentiation 
of a subset of cells is a common observation in 
EC cultures in general 

Additionally reprogramming of CEM-GFP 
cells in three fusion colonies was observed as in- 
creased expression of and Sox-2 and corre- 
lated with reduced expression of CD4S, a gene 
normally expressed in lymphocytic and mydoid 
lineages and in CEM-GFP cells. Simultaneously/ 
expression of human alkaline phosphatase, an- 
other marker of pluripotency (Andrews, 1998; 
Benham et al, 1981) and present on the same 
chromosome as CD45, was observed to increase 
6 days post-fusion, suggesting that hybrids were 
losing T-cell function while gaining features of 



pluripotency. In the other colonic \^^le^e no 
CD45 or ALPL was detected, loss of human chro- 
mosome 1 may have accounted for lack of ex- 
pression of both genes. 

We have demonstrated that EC cells have the 
potential for reprogramming somatic cells to 
which they are fused. It has been postulated that 
soluble factors present in enucleated eggs are re- 
sponsible for reprogranuning injected somatic 
nuclei Analogous factors are apparently present 
in ES and EG cells siru:e, as tii^ experiments by 
Tada et al. (1997, 2001) demonstrated, thymocytes 
reprogrammed by fusion with these pluripotent 
cells contributed to development of blastocysts 
into which they were implanted. Similarly, "tran- 
sient" heterokaiyons of mouse MEL x human 
erythroid cells analyzed shortly after fusion, were 
induced to express human adult globiiv although 
the nuclei remained unfused, and the hetero- 
karyons did not undergo replication, strongly 
suggesting that trans-acting factors present in 5ie 
murine partner directly Preprogrammed" the hu- 
man nucleus (Baron and Maniatis, 1986). 

Although deprogramming of human somatic 
cells through fusion with EC cells may yield a vi- 
able model of or alternative to ES cells^ the re- 
sulting cells are karyotypicatly unstable, and these 
are unlikely material for use in cell therapies. Fur- 
thermore, the use of EC cells per se for the devel- 
opment of cell therapies is precluded by their de- 
rivation from teratocardncmas. Recently, Collas 
and co-workers have illustrated that various hu- 
man cell lineages, including fibroblasts, were "re- 
programmed" to express activated T-cell and neu- 
ronal functions via the transfer of soluble cellular 
extracts derived from T-cells (Hakelien et al., 2002; 
Landsverk et al., 2002) or neurons (Hakelien et al., 
2002), respectively. We suggest that isolation and 
transfer of the soluble "reprogramming" factors, 
which we have here demonstrated are present in 
EC cells; to somatic target cells coidd provide a 
means of developing diploid multipotent stem- 
like cells for use in future cell therapies. 



NOTE ADDED IN PROOF 

Dining revision of this manuscript, Gurdon 
and colleagues (Byrne et al., 2003) demonstrated 
induction of the stem cell marker ocM in murine 
and human nuclei implanted in Xenapus oocytes. 
Concurrent with expression of this pluripotency 
marker, tiie autiiors observed down-regulation of 
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the differentiation marker thf-1 in the murine 
thymocytes. These oteerved changes in gene ex- 
pression occurred in the absence of DNA repli- 
cation suggesting direct nudear reprogramming. 
Their work strongly suggests that somatic nu- 
clear reprogramming is conserved across spedes. 
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